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ASS TRACT 


A theoretical one-dimensional analysis of a hot gas 
stream indicates thet a stagnation pressure rise may be 
attained by the evaporation of water in the stream for 
supersonie and subsonic flow, An aerothermopressor is a 
gas pumping device operating on this principle. The purpose 
of this investigation is to obtain experimentally in a small 
scale test, data on the operating characteristics of the 
aerothernopressor for use in the design of an effective 
working model. Cne practical applicetion of an aerothemno~ 
pressor is its use as a mésns of improving the efficiency 
of a gas turbine. The pumping effect of the device would 
permit a lower turbine back pressure than could be obtained 
from conventional atmospheric exhaust. 


Experiments were conducted on test equipment consisting 
of a hot gas sourcé, a converging-diverging nozzle for 
acceleration of the heated gas, a 36" - 1,525" I.D. constant 
area evaporation section and an exit tank, Flow was established 
by means of a laboratory alr ejector. Data was measured with 
this apparatus at hhach numbers in the region of 2.0 and 0,4 
at inlet temperatures up to 1500°R, with varying retes end 
positions of axial weter injection. with the aid of theoretical 
analysis, efforts were made to determine the effect on 
operation of temperature, rate and position of injection, 
amount of evaporation and the influence of friation,. 


The small diameter of the test section and absence of a 
diffuser introduce losses which greclude a net stagnation 
pressure rise. HEewever, the injection and evaporation of 
weter wes observed to appreciably raise the exit ategnation 
pressure above the pressure attainahbie without water injection. 
Subsonic runs demonstrated a greaier amount of eva»voration per 
unit length and greater capacity for evaporation than the 
supersonic runs. In either case a length of aporoximately 
four feet is necessary to permit complete evaporstion at 
setomated exit conditions. Wall friction effects in smell 
duemeter test sections are critical. The effective friction 
factor increases with rate of injection and varies with lonecth 
within the test section. The moan friction factor in wet ruins 
may exceed the iry run value by 50). 
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Further tests at higher subsonic Mach number, utilizing 
&@ converging nozzle, and test section twice the present 
diameter are recommended. They are considered possible with 
present laboratory facilities. 


The success of a full seale aerothermopressor is believed 
limited principally by wall friction. The promise of wall 
friction reduction with increased evaporation section diameter 


is encouraging. 


Thesis Supervisor: A. H. Shapiro 
Title: Professor of Mechanical Engineering 
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I. INTRODUCTION 


An aerothermopressor* is a device designed to raise the 
stagnation pressure of a gas stream by lowering the 
stagnation temperature through the evaporation of a liquid. 
It is, in effect, a pimp with no moving parts. The promise 
of such a device is demonstrated by Shapiro and Hawthorne(1), 
They further point out that this effect cannot be expected 
with a heat exchanger, since the inherent nature of friction 
and heat transfer as seen from the Reynolds Analogy, makes 
any net stagnation pressure rise impossible. 

Shapiro and Wadleigh(2) nave analyzed the constant area, 
constent pressure, constant Mach number, and constant 
temperature processes as app ied to the aerothermopressor. 
Hawkins and Mowell(3) have obtained data for the supersonic 
constant temperature case, and Templeton and Wish(4) provided 
a theoretical analysis of the results. Curry(5) has obtained 
data for the subsonic constant area process. 

A suggested application of this device is its use in 
increasing the efficiency of a fas turbine installation by 
virtue of its pumping effect. An aerothermopressor fitted 
to the discharge of such a turbine would permit expansion 
of the turbine gases to below atmospheric pressure. The 
power required to return the . as to atmospheric pressure in 
such an installation would be provided by the relatively 


inexpensive evaporation of water, 


4 

( This device is termed an aerothermoprex in some other studies. 

1 
aud superscripts noted thus refer to references in the 

bibliography of the. appendix. 
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This investigation covered the small scale test of an 
aerothermopressor with a constant area test section at both 
supersonic and subsonic flow rates. Sinee no previous data 
had been obtained on the constant area supersonic process, 
this investigetion was conducted with that as a principle 
objective. However, the expsrimental instellation was a0 
designed as to permit both supersonie and subsonic testa. 

It is noted that the process chosen is not that suggested 
by Shapiro and Hawthorne(1) for optimum performance. Further, 
the frictional effects in such a small scale model, and the 
absence of a suitably designed diffusser at the test section 
exit introduce losses which preclude any net stagnation 
rise in the apparatus. However, since the major concern 
—_— study of effects, rather than successful operation 
as an aerothermopressor, the constant area process was chosen 
as most suitable for evaluation of the effects of the various 
process variables. Speci Ptoal ly it was desired to obtain 
data relating the effects of the position of water injection, 
initial gas stream temperatwe, rate of water injection, rate 
of evaporation and friction. It is expected that this inform- 
ation will be utilized in the subsequent design of a full 
scale unit to be tested at M. I. Tf. 
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II. FROCHDURE 


A, Design: 


The design of the test apparatus embodied a compromise 
petween the available air ejector capacity of the Gas Turbine 
Laboratory and the desire to obtain both subsonic and super- 
sonic data from a single nozzle-test section design. 

For the purpose of this investigation, the exhaust gases 
from a propane gas furnace were aged as the hot gas source 
and the air ejector was used to provide the downstream 
subsonic presaure. If was decided to use a circular cross- 
section test section, and to make the diameter as large as 
practical within the mass flow rate limits of the furnace 
and air ejector to minimize friction losses. It was further 
decided to make the test section as long as possible, within 
the limits of choking in supersonic flow, to permit maximum 
evaporation. The selection of a Mach number for supersonic 
operation dictated the area ratio of the throat and test 
section and consequently fixed the maximum subsonic Mach 
number at which the test section could operate. The super- 
sonic Mech number selection also dictated the permissible 
length of test section that could be used free of choking. 

From previous test data(5), the pas furnace was known to 
have a capacity of about 0.2 pownds of air per second at 
1500° Rankine. The air ejector pressure for this mass flow 
was 2.0 psie. Calculated friction losses from the ejector 
to the test section was 0.5 psia. This made availeble a 
14 psia drop across the nozzle and test section which 


provided adequate opereting margin. 
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Table I in the appendix indicates the analysis made to 
determine the length of test section, mass rete of flow and 
test section Mach number. From this analysis, which is 
anplified in Appendix A, the following characteristics were 
used for the nozzle and test section: 

Mass Rate of Flow 0.214 lbs. of air/second 
Test Section Supersonic Mach number 2.0 
Diameter of Test Section 1.525" 
A/A# Ratio 1.6875 
The characteristies permitted operating the nozzle and test 
section in subsonic flow at a Mach number of' 0.3. 
Be. Overating Equipment: 

The equipment usedto obtain data is shown in Figure I. 
Figure Ii is a diagrammatic sketch of the test setup with 
indicated flow symbols. The actual aerothermopressor 
consists of the nozzle, test section and water injection 
apparatus; all other equipment is incident to operation and 
data measurement. The temperature of the exhaust gases was 
varied by means of the pressure control valve at the propane 
bottle. Operation was restricted to the 11009-15000 Rankine 
range to simulate gas turbine outlet conditions although 
higher temperatures were attainable. The hot gases flowed 
from the furnace into the upper stagnation chamber, through 
the nozzle and through the vertical test section (1,525" I.D. 
copper-nickel seamless tubing). From the test section, the 
gases flowed through the lower stagnation chamber to the 


ejector tank from which the air efector took its suction. 


> 


eee ee et ee | 
hot wel) Fe enter Leetieee Sees GP Cigars oat siireeh 
1b SAO VETERE Ciera cone vel pee inal 
Cte ee rene NOLEN ad oe hee SN PLES 
_~- mm Ot SRS 
feet ete oe ed A : 

—- 
ae 

Nee! 
000) me bee Aa 
Pe ee 

i 1 me te i i ae 
dake ete (tee ee ey oe we 
et Late on 

AP te ede ee ree ome! 

em ieee as ee OF 

i ae a Sn ge aay 
ee 
noe ee a 
Naser s ee ees delve cee ey OT ADAP 
pe oe be a a ee eee 
A en ieee cae OURS pear eee oem 
1) Med totam thee GAAS Ret Gaeeee Gre qlee aR 
ae es ek ko UT ens ce TD 
ai —awtt aitate Ge) er fee ent) eee 
eniiems 60) ee” TRIO Se) om tee eet med vehomel ® 


























il | 


il, iii i Hi fit Sito 


iy UU NT 


mig 
: Hdl 


" aap 


=e 225 
=e . 





fig@ee {| 
AKRRANG ErpenwrT or TEsT LQUIPOENT 





F le «AL ZX 
foe FO EO BE ee 


i A a cal FLow 





FRE A Ey A ——-3-—-- 


pre 


, ’ 
er FoF 


‘ 








ar 

The upper stagnation chamber housed the wster injection 
tube -a 1" stainless steel tube with six 6" long 0.025" I.D. 
hypodermic tubes in the end. The injection tube was adjustable 
axially and could be positioned to give water injection at 
various positions from entrance to the exit of the nozzle. 

The water spray between the lower stagnation chamber and 
the ejector tank was used in the subsonic runs to obtain more 
precise control of test section exit pressure. The air 
ejector tank served as a water collection tank and was drained 
by gravity head to the laboratory basement sump. 

CC, Instrumentation: 

. Chromel-Alumel thermocouples were used for measuring the 
temperatures in the upper and lower stagnation chambers. The 
junction of the upper stagnation chamber thermocouple was 
shielded by a thin O.R.S. cylinder but the junction of the 
lower stagnation chamber thermocouple was unshielded. The 
potentionometer conversion table is shown graphically in 
Figure XXIX of Appendix A. 

Static pressure taps feeding to a standard mercury 
manometer board were located at 3" intervals along the test 
gection, at the — throat and exit, in the upper and 
lower stagnation chambers and in the ejector tank. An 
impect tube was placed in the lower stagnation chamber to 
indicats velocity magnitude at that point. 

‘The water injection rate was measured by means of the 
flowmeter. The flowmeter calibration chart is included as 


Pigure XXX in; the appendix. 
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he aseuvie vaive wos “opened sitentty peralteing a 

eu eune the equipment, The furnses ca Lighted 

ent the fhlet stagw’ ton chamber texperaturs wos brought up 

te the dentred value, The ejector valve wen opened Pall 
fn the noséle, Weber Infection was begun ot the meximm rate 
desired prior to reac ing eperatine tempereture, aa steam 
formation in the injootion weedles mode 1¢ aiffleult to 
osteviiah flow at low retes with high temperatures, After 
the termoerstuore hed etebiliged, oreseure and temeratoce 
readinca were recorded, The weber infoetion cate waa then 
meteret down to the next desire? value by masne of the air 
preswure remilstine valve, Temperetere was ecain atebilized 
and readings acain recorded, 

This sreceviune was continued until five or eix flow 





rates had been reeorded inaluling «a nowiniestion runs, A 
lower limit om water injeetion wae establiehed by the 
instability resulting from steam formetion in the needles. 
The Upper lisit was determined by the sayacity of the air 
eupply., A similar proeedure wee used for mma at other 
temperntures, and other positions of water infection, The 
three injeetion vositions chosen - nozrle ontranse, throat, 
and exit « were detereined by the poritioning f ealibrated 
Marsa on tha infeetion tube with cespeet to the tep of the 
stagnetion chember, The {njoetion tube wes secured in sceit’ o 
by @ look nut. 4 detelled crewing of the ater injection 
syetom is shown in Fiswre Alc of the ey rendiz, 
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Coeratine Procedure - Subsonic: 





The starting procedure was similar to that for supersonic 
runs. However, in this case, the ejector valve was slowly 
closed from the open pesition until it was certain that the 
flow in the test section was subsonic. The oosit:on of the 
shock in the test section was readily apparent and its motion 
along the test section end into the nozzle was followed by 
the fluctuations of the mercury colurmse on thre manometer 
board, Operation with a Mach no, near one at the throat 
was extremely unstable and difficult to control by means of 
the ejector valve, More precise control was obtained through 
the use of the water spray betwesn the lower stagncetion 
chamber end the ejector tank. This permitted small changes 


in ejector output by variation in exhaust gas density. 
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Tei, BeSULTS 


All data obtained is tabulsted in Tables II - VII 
of the appendix, Emphasis ras placed on obtaining the following 
information: 
a. Effect of inlet temperature on test section 
pressures for various rates of weter injection, 
b. Effect of position of injection on test section 
pressures for various amounts of water injection. 
es Eifect of the rate of weter injection on test 
section oressures for given temperature conditions 
and fixed positions of water injection. 
Since the initial test section conditions can be more 
accurately determined for the case of water injection at the 
nozzle exit, a comparison of the experimental results with 
theoretical analysis was mede for this condition only, 
utilizing runs made at an inlet temperature of 1500°R for both 
the supersonic and subsonic cases, Other runs were compared 
purely on the dasis of experimental results. 
Figures III, IV and V shew graphically the effect of 
inlet texperature on end pressure (p,,) for various amounts 
of water injection at supersonic and subsonic flow rates. 
Pisures VI - X show graphically the effect that wrter 
injection position (nozzle entrance, throat, and exit) has on 
end pressure for varicus rates of water injection. 
Figures III, XI and XVIII show graphically the effect of 
water injection on static pressure along the test section for 
injection at the exit of the nozzle for subsonic and supersonic 


flows. 
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Test runs number 99 through 113 were made at room oe 
in an effort to determine the friction effect at various rates 
of water injection for unevaporated water, This information 
for the subsonic case - injection at nozzle exit ~ is plotted 
in Figure III. The results in the supersonic 

cas‘«were largely indeterminate in that the friction at even 
small injection rates produced choking effect in the test 
section. The friction factor determined from the high 
temperature dry runs was an approximetion to the friction 
factor under complete evaporation. The friction factors 
determined from these dry runs with the injection needles at 


the nozzle exit are as follows: 


Run Mach No. Tog ¢ 
48, 1.80 1500°R, 0.0030 
118 0,382 1500°R, 0.0048 


Shocks in the test section were easily identified when present 
and are indiceted with an asterisk in the tabulated data. A 
shock was present in the test section at approximately mid- 
length in all dry supersonic runs, however, in the high 
temperature runs it disappeared upon the injection of but 
small amounts of water. The initial Mach numbers obtained 
in the supersonic dry runs varied from 1.80 with injection 
needles at the nozzle exit to 1.95 with needles at the nozzle 
entrance. Those of the subsonic runs varied from 0.382 to 
0.592, An effort was made in all subsonic runs to keep the 
Keoh number et the throat es near one as possible. 

impact tube readings for both supersonic and subsonic 
runs made it apparent that the lower stagnation chamber was 


acting more as a diffuser than as a stagnation chamber. Thus 
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=i 
the ejector tank pressure was used as the best indication of 
exit stagnation pressure. Due to the ineffectiveness of 
the lower stagnation chember all supersonic runs except &6 
through 9& were made with the air ejector valve wide open. 
In the case of runs 86 through 98 an effort was made to maintain 


the shock at the test section exit. 





IV. DISCUSSION OF RESULTS 


A, Criterion of Aerothormopressor Effectiveness: 


The overall effectiveness of the aerothermopressor 
is indicated by the ratio of exit stagnation pressure to 
inlet stagnation pressure. Since the experimental equipment 
failed to provide reliable lower stagnation chamber readings, 
effectiveness can be compered only on the basis of static 
pressure variation in the test section. Since in a supersonic 
stream, friction is known to increase the static pressure and 
cooling reduce it, the lowest ratio of exit to inlet static 
pressure is the measure of greatest effectiveness. In subsonic 
flew, the highest ratio of exit to inlet static pressure 
indicates greatest effectiveness. Where plotted this ratio 
is expressed as the ratio of test section exit pressure to 
nozzle inlet pressure (Py4/P,). Since test section inlet 
pressure ws found to vary somewhat with injection rate and 
injection position, the relatively constant nozzle inlet 
pressure provided the better —— 

Be. Inlet Temperature influence: 

Figure III indicates the variation of test section 
pressure with length for various rates of injection at room 
temperature and 1500°R, for subsonic flow. The curves show 
clearly the effect of evaporation in raising the downstream 
static pressure, The positive slope in the upstream pert of 
the test section presumably represents a greater rete of 
evaporation per unit length than in the downstream region, 

It is noted that while dreg effects at room temperatures are 


increased with increased rates of injection, at 1500°R, they 
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are reduced with incr:ased injection. 

Figure IV expresses the variation of pressure ratio 
with injection rate at various temperatures for the subsonic 
case. The advantage of 1500°R. is apparent by higher 
Py 4/p catios. The apparent disadvantage of the 1100°0R, data 
ie explained by the suspected presence of a shook between 
the nozzle throat and exit, resulting in appreciably higher 

Mach number at the test section entrance. Figure X 
demonstrates the effect of injection rate on pressure retio 
for the suversonic case at various inlet temperatures, The 
greatest net effectiveness is seen in the 1500°R, run. 

Since the amount of water for saturation increases with 
increased temperature, the apparent reversal of slope in the 
respective runs indicate possible saturation in the 1100°0R, 
and 1500°R. runs. The greater effectiveness of the 1100°R, 
run st low injection rates suggests that time required for 
evaporation is more important than temperature differential. 
& lower velocity is associated with the lower temperature run 
at approximately constant Jiach number along the test section. 
C. Position of Injection Influence: 

Desirable injection features were thought to include 
minimum drop size, maximum dispersion throughout the ;:as 
stream and minimum eeceleration drag. Three positi ns of 
injection = nozzle entrance, nozzle throat, and nozzle exit - 
were selected for obtaining data and for analysis. For the 
supersonic case, the nozzle entrance injection was used for 
minimum relative velocity, the nozzle throat for minimum 
strecm area, and the nozzle exit for maximum relative velocity 


and ease of theoretical analysis. For the subsonic case, the 
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nozzle entrance injection was used for minimum relative 
velocity, nozzle throat for minimum stream area and maximum 
relative velocity, and nozzle exit for theoretical analysis. 

Figures VII and VIII illustrete the effect of injection 
position on pressure for the supersonic case at 1500°R, The 
variation of pressure with length at constant injection rate 
and with injection at entrance, throet and exit is illustrated 
in Figure VII. Figure VIII represents the effect on pressure 
ratio at various injection rates of the three positions of 
injection. The apparent advantage of the entrance injection 
position may be due to the fact that a higher Mach number 
existed at the nozzle exit for this case, This advantage 
is particularly apparent in comparing throat and entrance 
curves with the exit curve of Figure VII. 

Figures IX and X indicate the effect of injection position 
on pressure for subsonic flow at 1500°R, Figure IX illustra- 
ting variation of pressure with length indicating an apparent 
advantage for the entrance position of injection. This may 
be due to a difference in nozzle exit Mach number. Figure X 
depicting variation of pressure ratio with injection rate 
indicates an advantage for throat or entrance injection over 
exit injection for the region investigated. 

D. Rate of Water Injection Influence: 

The variation of pressure with injection rate for the 
Subsonic ease is best observed in Figures IV, X, and XVIII. In 
general, the effectiveness is seen to increase with increase 
in injection rate. It is expected that such increase would 
continue to a point of stream saturation. In the subsonic 
runs the capacity limit of the injection system prevented 
sufficient data at higher injection rates to accurately 
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predict a saturation point. The inflections in the throat 
and exit curves of Figure X possibly indicate points of 
seturation. 

The variation of pressure with injection rete for 
supersonic flow is best seen in Figures V, VIII, and XI. 
Again effectiveness is seen to inerease with rate of injection. 
Exeept for the 1100°R. run of Figure V, stream saturation is 


not indicated in these curves. 





=RE~ 
E._Analysis of Date With Respect to Theory 


1. Introduction; An effort was made to predict 


theoretically the operation of the constant area aerothermo~ 
pressor in texvms of exit pressures, temperatures and Mach 
number for given initial conditions. The method chosen was 
the analysis of a discontinuity using the control surface 
technique suggested by Shapiro and Hawthorne(1), For purposes 
of anelysis the following assumptions were made; Flow adiabatic, 
liquid injection velocity zero and wall friction present. 
Appendix C contains the derivation of the working equations 
employed. The analysis was divided into two sections, 
The first assumed complete evaporation et the test section 
exits Calculations were made for test section exit conditions 
using values of injection rate from zero to the amount 
necessary for saturation st the exit tomperature. These were 
carried out for the subsonic and supersonic cases over a 
rengs of friction factors from zero to twice the dry run value. 
Initial conditions were determined from dry run nozzle exit 
conditions at 1500°R. and with exit injection (runs #46 and #118). 
These values are included in Aspendix C. The calculations were 
plotted as exit oressure, temperature and Mach number vs. rate 
of injection and compared to the experimental results of runs 
with similar inlet conditions. 

The second method assumed inconplete evaporation of the 
liquid injected. The results of this calculation were plotted 


as exit static pressure vs. percent evavoration for a 
particular rate of injection. These calculations were made 


ever a range of friction factors for the subsonic and supersonic 
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cases. It was hoped from this latter analysis to determine 
from the test section static pressure readings and reasonably 
reliable friction data, an indication of the smount and history 
of the evaporstion in a particular run. 


2, Analysis of Supersonic Runs: Runs #48-52 were made 





with an inlet stagnation temperature of 1500°R, and water 
injection at the nozcrle exit. Figure XI illustretes the 
varietion of pressure wita length for the injection rates 
measured, The location of the shock in the dry run is indicated 
by the pressure discontinuity. Tt is noted that the nozzle 

exit Mach number is somewhat less for the wet runs than 

for the dry. The inflection point noted in the upstream part 

of the test section for the high injection rate runs, 1s 
interpreted as an indication of higher acceleration dreg at 

high raté of injection. 

Figures XII thru XV show calculated test section exit 
conditions plotted vs. injection rate (complete evaporation 
assumed) for the initial conditions of run #48. On these figures 
have been plotted the experimental points obtained from runs 
of similar initial conditior:s. The limits of the calculated 
curves are injection rate equivalent to saturation, and 
minimum injection rate necessary for shock-free flow in the 
test section, This latter figure is seen to incresse with 
increased “riction factor (expressed in terms of fL/D). 

Figure XII expresses the comparison of calculated and experimental 
exit temperatures. As in the case of pressure, the temp erature 
readings of the lower stegnsetion chamber do not reflect 

stagnation conditions, nor aré they equivalent to the exit 


Static temperature obtained from calculation. Thus, their 
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eonfiguration vathor than magnitude ia significant. The 
velatively constent temperature obtained for ratcs of injection 
in excess of those predicted for saturation suggest that 
saturation hes been reached. 

Figure XIII depicts ealculated test section exit 
quaghetivon oPemmute. The plotted exygerimental points 
Pepresent ejector tank pressure, These values, though a 
better measure of stagnation pressure than obtained from 
the lewer stagnation chamber, ere less than test section exit 

‘stagnation oressure by the pressure drop due to shock and 
piping losses. Thus, again the shape rether than magnitude 

is significant. The maximum indicated in the region of W=0,14 
suggests saturation at this point. The effect of injection 

at rates in excess of the auount that can be cvaporated is 
increased drag manifest by a decrease in pressure. 

Figure AIV illustrates calculated and messured test 
section exit pressuree. fégain the measured values indicate 
an approach to saturation at high velues of water injection. 
The presence of shock in the test section and absence of deta 
st low water inject’ on rates gives little information for 
that portion of the curve. However, over the range of 
meeasurec data, the points fall along a line of increasing 
friction factor. This configuration would indicate an 
inerease in friction with increased injection rates, 
Contributing also, is the strong possibility of only partial 
evaporation of the water injected, 

Figure XV shows the variation in tust section cxit Mach 
number with injection rate. Although expeiizental results 
appear to substantiate the Increase in Mach number with injection 


rate, the lack of reliable exit stagnation temperature or 
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3 
pressure data mede it impossible to determine an accurate 
upon s exit Mach number. 

Figure XVI depicts calculated curves of test section 
exit pressure vs. percent of water evaporated for an injection 
rate of O=0.1055. It 1s noted that this injection rate is 
considerably less than the amount predicted for saturation at 
anticipated friction factors. The analysis of complete 
evaporation Liane ated a ePREtion in friction factor with 
rate of injection. This was borne out by estimates of the 
friction factor made for room temperature subsonic runs at 
various injection rates (see Fig. XAVII). It was further 
found that the friction factor in the room temperature runs 
was of the order of twice the 15000R, dry run value. As the 
friction factors computed for dry runs at room temperature 
were similar to those computed for dry runs et 1500°R,, it 
was assumed that the room temperature wet run friction factor 
was a@ reasonable approximation to the friction factor due 
to unevaporeted water at 1500°R, 

It was assumed that the mean friction factor for a 
particular run would lie somewhere between the dry run value 
and that of unevaporated water at that temperature. 
Unfortunately, it was not possible to obtain estimates of the 
room temperature friction factor with water injection for 
supersonic runs, inesmuch as the introduct’on of but negligible 
amounts of water produced a choking effect resulting in subsonic 
flow throughout the test section (Fig. VI shows this effect). 
Thus for the supersonic case, the mean friction factor was 


arbitrarily assumed 50% greater than the dry run value. This 
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is equivalent to an fL/D of 0.09. The measured exit 

pressure for run #52 has been plotted as a point on the curve 
of f1/D=0.09, This indicates evaporetion of 70% of the water 
injected for that run. It is apparent that hed the mean 
friction factor been greater, a greater percentage of evaporation 
could be expected, Figure XVII resresents the variation of 
percent evaporation over length of test section. This ours 
was obtained from the measured values of pressure along 

the test section for run #52, an assumed mean friction factor, 
and Figure XVI. The variation of evaporation with length 
suggests that for the supersonic case the maximum rate of 
evaporation is not reached until approximately the middle of 
the test section, or following the initial ecceleration. This 
may be attributed to relatively greater time for evaporation 
in the downstream section, as the theoretical calculations 
indicate a decrease in velocity from the test section inlet 

to exit. However, the lack of more precise friction 
informetion introduces a serious uncertainty. 

3. Analysis of Subsonic Runs: Runs #114+-118 were made 
with an inlet stagnation temperature of 1500°R, and water 
injection at the nogzle exit. Figure XVIII illustrates the 
variation of pressure with length for the injection 
rates measured. It is noted that the nozzle exit Mach number 
is somewhat greater for the wet runs than for the dry runs. 

Figures XIX-XXII show calculated test section exit 
conditions plotted vs. injection rate (complete evaporation 
assumed) for the initial conditions of run #118. On these 
figures have been plotted the experimental soints obtained 


from runs of similar initial conditions. It is pointed out 
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that in the subsonic case there is no noticeable change 
in the amount of water necessary for saturation at different 
friction factors. Figure XIX depicts calculated and measured 
test section exit temperatures. Variation in friction factor 
over the range calculated had no appreciable effect on exit 
static temperature. The difference in stagnation and static 
temperature is seen to be slight for relatively low Mach 
numbers. It is noted that for the same inlet stagnation 
temperatures, the exit and mean test section static temperature 
is higher than for the supersonic case. This results ina 
greater rate of injection for saturati n in the subsonic case, 
as wel]. as a greater temperature difference between hot gas 
and injection water. The deviation of measured temperature from 
predicted values is believed due to radiation losses from 
the thermocouple in the lower stagnation chamber. The close 
agreement at low temperature and increasing lack of agreement 
at higher temperatures supports this contention. Although 
the upper thermocouple was believed to be effectively shielded, 
radiation losses in the upper stagnation chamber admit the 
possibility of a somewhat higher inlet stagnation temperature 
than measured. 

Figure XX illustrates the variation of exit Mach number 
with injection rate obtained from calculation. The Mach number 
is seen to decrease with increesed injection for the case of 
subsonic flow. Though this decrease was evident from measured 
data, lack of sufficiently reliable temperature and pressure 
data precluded accurate determinetion of experimental exit 
Mech number values. 


Figure XXI depicts the calculated variation of test 
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exit pressure measured in run #114. The percent evaporation 
obteined (80%) was used to obtain a refined mean friction 
factor. This is illustrated in Figure XXVIII. It is noted 
that the assumption of friction fector variation with length 
is to some extent arbitrary. The corrested meen friction 
fector indiceted 83% evaporetion. With this point and 
measured pressure recdings along the test section (plotted 

in Figure XXV) it was possible to obtsin in Figure XXVi the 
variation of percent evaporation with length for the injection 
rate of run #114. The decreasing rate of evaporation with 
length is believed due to the appreciably greater temperature 
differences between hot gas and injected weter in the upstream 
portion of the test section. It is realized that the 
preceding analysis is not rigorous. It is considered 
reasonable, and offers qualitative information as to the 


history of the evanoraticn process within the test section. 
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V. CONCLUSIONS 


The following conclusions drawn from the investigation, 
apply specifieally to aerothermopressor operation at atmospheric 
inlet pressure with an initial Mach number of approximately 
2.0 for supersonic flow, and approximately 0.4 for subsonic 
flow. Ina qualitative serse they are believed applicable 
to the successful design of any aerothermopressor. 

1. In Supersonic and subsonic operation, effectiveness 

inereases with rate of injection to a maximum at or 
“near the point. of stream saturation. 

2. With axial water injection, the position of injection 
hes a marked influence on the test section entrance 
Mech number, For the suvergonic case, the Mach number 
decreases as the injection point is moved from nozzle 
entrance to exit. In the subsonic case it increases, 

5. In supersonic operation effectiveness increases with 
increase in inlet temperature. 

4. The increase in exit stegnation pressure duc to water 
injection is greater for supersonic operation than for 
subsonic operation. 

5. For a given rate of injection and incomplete evaporation, 
more water is evaporated in subsonic operation than 
in supersonic. 

6. For a given mass rate of air flow, the amovnt of water 
that may be evaporated is greater in the subscnic case 
then in the supersonic case. 

7. A greater percentage of the water injected is evaporated 


at lower rates of injection. 
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8. Wall friction in small scale tests has a marked influence 
on aerothermopressor effectiveness. The effective friction 
factor may exceed 150% of the dry run value. The average 
friction factor along the test section increases with 
ineoreased water injection rate. 

9. A test section length of approximately four fect for this 
test setup is necessary to obtain complete evaporation with 
saturated exit conditions for both subsonic and supersonic 
flow. 

10,.. An increased test section cdiameter and an effective diffuser 
is essential for successful operation under either subsonic 
or supersonic conditions. 

ll. - The method of theoretical analysis employed is considered to 
adequately predict exit conditions. Its success is dependent 
upon reliable estimates of friction factor. It is not as 
effective in providing information on the variation of 
effects with length along the test section as for predicting 


end sonditions. 
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VI.  RECOM.ENDA TIONS 


It is suggested that further analysis be made of data 
obtained at 1100°R, and 15009R, inlet temperatures; and 

at 15009R, with injection at nozzle throat and entranese. 

In order to obtain further supersonic data with the present 
nozzle, it is recomnended that the test section be shortened 
approximately six inenes to eliminate choking effects, the 
lower stagnation chaniber increased in size, and a 

diffusor se fitted to the test section exit. The latter 
would previde more reliable stagnation pressures and a 
better mecsure of the net effectiveness as an 
asrothermopressor. 

To obtain better subsonic data, it is recommended that a 
converging nozzle be employed, designed to deliver a 
higher subsonic Mach number than the present nozzle. The 
present design, intended primarily for supersonic operation, 
resulted in unstable behavior and an inherent low Mach 
number when operated under subsonic conditions. 

In furtner subsonic tests, it 18s recommended that the 
water injection system be modified to permit groater 
injection rates. This would entail use of higher eir 
pressure or e redesign of injection needles to permit 
greater flow rates at present pressure. 

Test data indicat@& the present design conservative. It 

is believed that the Gas Turbine Laboratory air ejector 

and gas furnace cavacity will support 4 greater mass rate 


of flow. A test section diameter os: about 3 inches is 
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considered feasible. The resultant reduction in wall 
friction should considerably improve performance in both 


supersonic and subsonic operation. 
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A. Basis of Design of Components: 
With the temperature limited to the 1100° to 1500°9R, range 


end the furnacé limited from previcus tests tec about 0.2 lbs. 
of air per second, combinations of Mach number, area ratios and 
lengths for these limitations were tabulated in Table I. The 
table was analyzed to select the best sombination of length 

and Mach number which would give a reasonably high Mech number 


under subsonic operation. 


TABLE I 
TABULATION OF NCZZLE-TEST SECTION 
CHARACTERTETICS FOR MACH NUMBERS AND PLOW HATS 


Pounds Air Fer Second 


0.2 0.4 0.6 
Temp. (Tp,) OR. 1000 8=—-.1500 10600-1500 1000 +=. 1500 
Nozzle Area 0.887 1.01 1.065 #02 2,475 3.03 
Nozzle Dismeter beOSZG toes 1,446 1.6¢ e772 1 BS 
Test Section: 
ach No. 1.5 
(A/A*21.1762) 
Area Q.972 1.787 1.944 2.375 2.91 8.56 
Dismeter ida? 8.8258 1.57 2.785 190888 €.185 
Length Les «8lopeL® A736" ape" ace" 24yl" 
(4fL/D=0.13605) 
Mach No. 1.75 
(A/A%*21.3865) 
Area bel4té 2,40 %.@285 8.787 3.425 4.80 
Diameter be2@04 125002 #129708 2.8986 2.085 2931 
Length ee, 80" 2." GS 85.86" 3.1" 46.5" 
( 4fL/D=0, 22504) 
Hach No, 2.00 
(A, A*=6875) 
Area 1.694 1.704 2.78 3.41 4.17 €s11 
Diameter 4.08 1.47 1 OO £,.08 ee) eee) 
Length mee” S775" 44.75" @e0e" Se.4" Ga.7" 


(4£L/D=0.30499) 


Assumed f=0.003 





® . 
4 I FF ¥ 
la< 

Ss. * ace 


~~. - 
7 , = = .- ¢ 
7 bs 


-5S7= 


The following characteristics were set fron anelysis of Table I: 


Air Fliow Rate 0.214 lbs. air per second 


Diameter of Test Section - 1.525" 
Supersonic Mach number -~ Bo 

Subsonic Mach number = 9,86 

Area of No-zle ~ 1.0824 Sq. In. 
Length of Test Section - 36" 


Figure XXXII shows details of the test section-nozzle design. 
B. Nozzle Desifn: 

The design of the nozzle to produce a Mach number of 
2.0 at the exit wes based on Foelsch(6) design criteria for 
supersonic nozzles. The exit diameter was fixed by the straight 
smooth heat conduction tube which was readily available, For 
this project, a length of 1.525" I.>. copper-nickel tubing was 
used. The Foelsch design was modified to incorporate a 7$° 
included angle in the Jiffuser section of the nozzle to permit 
ite more efficient use in subsonic tests. Straight sections 
were included at the throat and exit of the — for inchus Yon 
of pressure taps. The nozzle design details are snown in 
Figure XXXII. 
G. Test Section Desisen3 

The test section was an available straight section of 
1.525" I.D. copper-nickel tubing with preseurs taps every 3" 
along its length. Figure X‘xXII shows the details of assembly of 
the test section and nozzle, A diffuser was not included at the 
exit of the test section as the predicted pressure drop through 
the test section was well within th avsilisble drep of 
14 pvsia, 
D. Water Injection Equipments: 


Two desirable features to be incorporated into vhe water 
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injection system were axial injection and high initial velocity. 
Axial injection was possible by running the injection tuhe through 
the top of the upper stagnation shamber. Tho assumed rate 
oe ii Sevion ee OFF Toe. of Water per lb. of air fer 
191 72.5000R, ead with M=2.0. This was desired based on the 
enalysis of the emount ol water necessary for stream saturation 
imicer these initius conditions, 

With this flow of weter and e@ predicted air fiow at 
W=2,.0 of 0.214 ibs, air per second it was neeessery to inject 
0.02 lbs, water per second or 72 lbs. water per hour. With 
& pressure of 1190 psia.on the weter, Lt would be possivle 
to attain 400'/see. injection velocity. This is fer from 
the 4000'/sec. reqeired for no drag at &3:.0. 

If 400'/sec. injection velocity and C.u? lbs. water/ 


second flow were used, 





Mess Date 2 f ea 
area of Injecticn = #985 nie Slow = OeJe x 142 (1) 


- O2000LE2 Sq. In. 
Four Holes = Area = 4 dé/4 = 0.000112 
Hole Diameter = 9.00596" 
This diameter is considered too small to preclude fouling. 
Using the same procedure for city water pressure, the 


following results were obtained: 


Velocity “Vib #s fea x 12 = 100'/sec. (2) 
area = 0.000448 
Diameter using four holes = 0.11066" 

in view of the above preliminary calculations, it waa 


decided to usé Six injection hyvotermic needles 0.925" I.D. 
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These were sufficiently lergze to resist fouling and in 
ea readily availeble size, Attexnpting to obtain high 
velecity injection wes considered unfeasible because of 
the hich pressure reqvirernents, The needles were mounted in 
the injection tube ee shown in Pirure AXXTIII and the injection 
tvbe mounted as shown in Figure XXxT. The needles were meade 
6" long to permit tietr r-sehing into the test section without 
serious interference with flow at the throat. The six needle 
pattern gives zood flor distr’ bution. 

The water reservoir tenk wes useé for water injection. 
The tans was filled from the city weter pressure manifold and 
efter filling wes cennected to the water injection tube through 
the flewmeter, Air pressure was pleced ou the water tank through 
the pressure regulating velve. This valve wat controlled 
menunlly for the weter flow rete desired in the flowmeter. 
A constsnt sir pressure was mainteined on the weter in the 
tank by the sir pressure reguleting valve, This resulted 


in constent water flow to the injection tubes. 
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NOMENCLATURE 


eross-sectional area 


speed of sound 
test section diameter 


friction coefficient of duct (T, /+ pv") 


enthalpy per unit mass 

ratio of specific heat (co, fey) 
mach number 

length of test section 

static pressure 

isentropic stagnation pressure 
absolute temperature 

absolute stagnation temperature 
gas constant 

velocity of stream 

mass rate of flow 

molecular weight 

mass density of stream 

shearing stress on walls of duct 


ratio of mass rate of flow of evaporated Liquid 
to mass rate of flow of gas 


ratio of mass rate of flow of liquid to mass rate 
of flow of gas 


refers to section 1, test section entrance 
refers to section 2, test section exit 
refers to gas 

refers to evaporated liquid 

refers to liquid 
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I. Analysis of Compressible Flow Constant Area Process 


Assumptlons: 
1) Adiabatic 
4 Liquid Velocity = 0 


Wall Friction Included 
Ae Complete Evaperation at Section 2. 
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1 * R08 
1 + @, —— (4) 
Eousiion of ciate: 
r2 = bg Mi (3) 


i * we 12 (6) 





Combining (4), (3), and (6): 
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Pus ~ PA - SoG, woe = (ily + Wig) Vo- Vy 
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Combining (3) and (8): 
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Rewriting: 
(hag = Rai) + op (hg = maa) Ss, ea” 
Jase onadin ps, =z G 
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(12) and (13) combined te yive working equation, Resultant 
equation solved by trial and error obtaining values of Gp 
for assumed values of To. 


Valses of a, shtained from my = 9 to a5 © gee 


where dv6®2 pic 
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Po PQ 


Since Pie Tye Vy» and By are known inltial conditions and 
To assumed, Pos Vos anid Be may be obtained fram the abuve 


relations for a particular a. Pope Tope Pog and Tog are 


obtained from the following relations: 
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T 
wheres K = Ko + K (16) 
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iS } 7 Kg 
ands K-11 “ “2. ¢@ [-o22 Ka ~ 1 
+ wk ] (17) 
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Be. Incomplete Evaporation at Section <, 





let wm = Ne 
We 


“4 2h 
Equations (3) ~ (7) from previous Analysis. 


Equation (8) rewritten: 


Py) ~ P2 ” i We (1 + ma Vy + Voub = va f(a + 3) Vo = vil 


(12) 
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Combining (10) and (13) and rewriting: 


Vo. Rte bt eae t - 5 02 + a) me lt - Bea - BO +e) (19) 
Vi (1 tony) + £L (2 + 22) 


Combining (19) and (7): 
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(1 +m JE o~, * oe (1 + 22)) = 0 (20) 


Solving for Po /Py3 


P2 167-8 
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where: ee pega (21) 
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Solving (22) for Vo: 
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Combining (7) and (23); 





vw graphical selution of (21) and (24) for various as¢umed 
values of To, gives a plot of the variation of Pa/'Py vereus 
@2 for a particular value of w,. Values of a2 were plotted 
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fun. te. 43 Bun Hoe LLE 
Hach No. (M,) 382 1,80 
Stagnation Temp. (Ty) 1BCcOR 1900%R 
Stagnation Press. (P>, ) 14.96 Psia 14,50 Psia 
Temperature (T,) 1460 949° A 
Pressure (p)) 12.42 Peie S24 Peis 
Ratio of Specific Leale (M, 1.551 1,36? 

Mess ete of Flow (wi? 2176 Lageakc 2135 ibs.aizx 


Sec. . SEC. 
friction Factor {(f) 20948 29030 
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